Abstract Mining machines are of heavy-duty and robust type, and at the same time, they are keys to mining performance and operation. It is well known that mining environment is dirty and dusty as a whole, and this scenario contributes detrimentally for machines and equipment maintenance. This article reveals quantitatively the effect of the environment and the method in tightening screws to clamp the wheel buckets of a Stacker Reclaimer Machine at an Iron Ore Mining. For this study, a statistical tool called Minitab was utilized. The data were collected in the field during an intervention in the machine and treated statistically afterward. The elongations of the screws were measured by ultrasound which revealed that, when only torques are used to tighten the screws, referenced on the theoretical torque (N m) value, the aimed elongation (elastic strain) of screws might not be reached, with the worst case being it may be widely spread; the values obtained by ultrasound revealed such differences. After knowing such discrepancy, the screws were tightened properly to insure that the bucket wheel was correctly clamped. This statistical study quantified the spread values of torque versus elongation condition (bell curves). The ultrasound measurement credited the method utilized.
Introduction
Despite the many advances in joint technology in recent years, bolted joints are still the most frequently used method of clamping assemblies together [1] . The effectiveness of a bolted joint is usually measured by its ability to maintain an adequate level of clamping force on the joint surfaces during service. The friction condition at the fastener thread and underhead contact surfaces greatly influence the magnitude of the wrenching torque when required to achieve a given value of clamp force. Further studies show that combined fretting and corrosion effects also greatly aggravate connection performance [2] . This corrosion damage may develop soon after a period of latency, quickly causing loss of contact force, and is much more dangerous than other kinds of corrosion. Therefore, appropriate protective measures are needed for harsh environments. One of the major problems with the use of bolted joints is the precision, with regard to achieving an accurate preload, of the bolt-tightening method selected. Insufficient preload, caused by an inaccurate tightening method, is a frequent cause of bolted joint failure. It is important for the designer to appreciate the features and characteristics of the main methods employed to tighten bolts. There are six main methods used to control the preload of a threaded fastener: torque-controlled tightening, angle-controlled tightening, yield-controlled tightening, bolt stretch method, heat tightening, and the use of tension-indicating methods [3, 4] . On the other hand, reality is never straightforward though. In theory, there should be nothing to stop finger-tightening the bolt until it is snug. In practice, it is often quite hard to turn some bolts, even when they are slack [5] .
The clamping effects can also greatly aggravate in a mining facility, which has severe conditions in terms of loadings on machines and equipment, environmental cleanliness, production, and workforces. The machines are heavy-duty, robust type (Fig. 1a) ; the operation is under high production performance all the time, and as the downtime cost is high, it is taken only if well justified. In mining, the dust and dirt, which prevail all around, are common. The maintenance in machines, as expected, is difficult and a challenge; once subjected to this environment, it has to maintain the facility running, under certain circumstances, along three shifts. However, these difficulties can be overcome regardless of whether the interventions are technical and under a higher quality level. Owing to some fractures and loosening of machine screws at SR-02 (Stacker Reclaimer number 2), specifically in the flange of the wheel of buckets (Fig. 1b) ; an intervention in the machine for replacement and torquing of screws was required. The facility processes iron ore and the machine is responsible to collect the material and transport it to the ships. This study was designed to apply a methodology for fixing the bucket wheel by controlling the torque and elongation of screws by the use of hydraulic wrenching machine and inspecting by ultrasound. The data were statistically treated to give basis to understand better the torquing operation and screws behavior [6] . The purpose was to analyse the differences between; first-fixing the torquing and measuring the elongation and second-fixing the elongation and verifying the torque. The first approach was applied to 50% of the nominal torque and the second to the integral 100%. Procedure is described later more in detail.
Materials and Method

Screws and Mapping the Wheel
All screws used in intervention were metric 30 mm, ISO R-898 strength Class 10.9. The screws had their threads machined under the roughness control (3.2 Ra) and before assembling, a molykote grease is added to the bodies. The previous screws were removed, any washer found on the screw head. The work of torquing used new screws; washers in the back of the head face were assembled.
It was determined by the intervene team that the torque had to follow a specific sequence of torquing, which aimed the best clamping of the wheel and by the shortest repair of the machine, while not risking the work quality. The method is empirical and based on previous experiences. The torquing was made on the screws on the beams in an X form in the back of the machine (internal side), torquing 50%, and then, under the same form, also torquing the screws of the front of the beam at 50% (Tables 1, 2 ). The sequence for the wheel (beams) torquing was A, F, B, G, C, H, D, I and E. All beams were identified with industrial marking pencil. In order to determine the torquing value to 50% which the screws were torqued at the first stage, the screw N o 1 was torqued (front beam) to final 100% (theoretical value); then, the torque reached was divided by 2, resulting in 50% of torquing (Fig. 2) .
The hydraulic machine, AVANTI-Torque/Tension Machine [8], then was set to this value of torquing. After torquing to 50% with respect to the X torquing form, the screws were torqued in the counter-clockwise direction. This was initiated by the outer circle (odd-screws) and then followed with the screws on the inner side (pairsscrews). For the first stage when the screws was torqued to 50%, the elongation was measured by ultrasound, {USM-3 Ultrasonic Stress Meter-[9]}, which means that, the cause was the torque and the effect was the elongation, after the [7] torque was kept at a fixed value (previously determined/ calculated). The screw length is an input in the ultrasound apparatus to the first measurement. The difference between the values of time obtained by the apparatus-due to the time spent by the wave propagation along the screw length, before and after the torquing-is the screw elongation measured.
After this stage, when the torquing was raised to 100%, the method was changed (Table 3) . At this second phase, the elongation was fixed for ultrasound measurement, based on its theoretical value (cause), and the torque verified in the hydraulic torquing machine gauge (effect). The data were collected for statistical analysis.
Experimental Results
Data
Most of inclined shims located between the nut and the internal base of the beam did not exhibit large distortions and remained extremely rigid and compressed in the structure and corroded. Therefore, new shims were not used to replace those already located, as the available time did not allow conditions for such replacement, and the conditions of the existing ones were not damaged, in such a way that would impact on the quality of the work. The dimensions of shims per beam are A = 8.0 mm, B = 9.0 mm, C = 9.0 mm, D = 9.0 mm, E = 9.0 mm, F = 5.0 mm, G = 6.0 mm, H = 8.0 mm, I = 8.0 mm. The shims of the beam H, screws numbers 9 and 11 were with the holes out of position and distorted, hindering the placement of screws A. The screws were then placed under pressure (lightly beaten), and the threads did not suffer, by visual analysis, from any plastic deformation (damage). The head of the screw number 9, was 2 mm inclined in reference to the washers, at one side, but after the torque leveled off in the washers and structure of the beam. Table 4 shows the value obtained of torque to a fixed elongation of torque at 0.70 mm. As mentioned earlier, approximately half of the pressure (half of the torque) measured by the equipment torque gauge, was adopted for 50% of initial torquing screws, it means 200 bar. Table 5 details the values of elongation of screw measured by ultrasound for a constant pressure of 200 bar (50% of the torque); approximately 1182 N m, on the outside of the beams. Table 6 shows the result of torque, based on a fixed elongation to around 0.7 mm (100% of the torque).
The ultrasound equipment gave basis to the hydraulic torque stopping to around 0.7 mm. This method is exactly the opposite to that done in the case of the 50% torque, which means that, while in the 50% torquing the pressure was constant, the results being the torques, in the 100% method, the elongation was fixed and the torque being the consequence measured on the equipment gauge.
Statistical Analysis-Graphs Figure 3 shows the distribution of elongation of the screws to a constant pressure of 200 bar, approximately 1182 N m (50% of the torque), data from Table 5 .
The elongation average was 0.447 mm to a standard deviation of 0.141 mm (Figs. 3, 4) . When statistically analyzing the individual values, note that most of elongation values were between 0.003 and 0.893 mm (around 99.7%). The moving range was from 0 to 0.546 mm. There is s wide variability of the curve, as seen in the capability histogram and normal probability plot, Fig. 4 below. The probability plot revealed p value \0.005 which means that the two piles in the histogram cannot be considered as part of the same average value. A p value \0.05 means that the null hypothesis is rejected, and the distribution is not normal. Visually it looks like as having two averages and being not normal, the p value reinforced such statement. Figure 6 plots the data from the Table 6 . It is clear the difference in the dispersion of the elongation values when compared with the 50% torquing condition. The same figure showed the elongation average of 0.711 mm to a standard deviation of 0.024 mm. The calculated statistical limits to 99.7% of capability are 0.635 and 0.787 mm. The moving range was from 0 to 0.093 mm, which represents low variability among the screws elongations. The little variability on the elongation is seen in the capability histogram and normal probability plot, Fig. 7 below. The probability plot revealed a p value 0.564, which means there is no probability of having two averages in the histogram, the values can be considered as part of the same average value and the curve being normal. Visually, it looks like as having an unique average and the p value reinforced such statement (Figs. 6, 7) .
The details are lacking in respect of difference between the p-values to the conditions, torque fixed (50% total), and elongation fixed (100%) (Figs. 4, 7) , and in order to have a better understanding, additional test should be done afterward in future articles. The suspicious is the corrosion, the dirt on the system and some unknown misalignments between the Bucket Wheel holes can change effectively the torques of screws (clamping pressure) but might be irrelevant when higher pressures, torques, are applied. This last verified due to normality of the bell curve and p value to fixed elongation. Figure 8 shows the values for a fixed elongation of 0.7 mm (100% torquing), reference Table 6 . Analyzing the spread of results there are no big differences, the beams F, G, H and I, have a smaller dispersion and a more centralized median. The screws with interference on assembling are those from the beam H. The median is well centered to the beams A, F, H and I, (four beams) based on the data variability, which are comparable to the 50% torquing (Fig. 5) , and the data range is much smaller than the 50% torquing. There is no coincidence between the beams to 50 and 100% torquing. Figure 9 shows the average torque value was 2030 N m to a standard deviation of 416.58 N m. Note that, 99.7% of the torque values are from 741 to 3320 N m. The moving range was from 0 to 1585 N m, which represents high variability among the torques measured. The high variability on the torque is seen in the capability histogram and the normal probability plot, Fig. 10 . The probability plot revealed a p value 0.158, which means there is no probability of two averages in the histogram: the values can be considered as part of the same average value and the curve normal. Figure 11 shows the values of the elongation and standard deviations to torques by 50 and 100% elongation, control by ultrasound. Figure 12 reveals that, even with the elongation fixed to 0.7 mm which could result similar torquing among the screws, the dispersion of torquing is high; this fact justifies the screws breakage when only torque was applied without the elongation checking (ultrasound helpful). 
Methodology-Conclusion and Statistical
-The statistical data treatment amplifies the understanding of elongation method and its benefits to the studied application; -The methodology ensured a smooth application of torque-clamping distribution. -There was a wide variability (standard deviation) of elongation when the torque was fixed to 50%. -Also there was a wide variability (standard deviation) of torque, when the elongation was fixed to 100% torquing.
-There was a considerable decrease of standard deviation of elongation with the torque raising. -The fixed elongation graphs showed normal distribution, which ensures the uniformity and effectiveness of the method; -There were no significant differences among the clamping of the beams. -The statistical data, analysis quantified, showed the discrepancies in the torquing when no elongation control is applied, when under a harsh environmental. -Intervention time was reasonable (5 h torquing). Application Conclusion -The control of elongation by ultrasound, despite not being new, is a good method to control the elongation of the screw; it means assurance of clamping. -The control of torque by fixed elongation not only ensures a uniform elongation of screws, but also avoids possible loosening or even fracture of the same, as seen before the intervention. -The application of ultrasound in the torquing of screws is not an easy method or ii is one of low cost to accomplish, as technical skills are strictly needed. The equipment is not always freely available either. On the other hand, the benefit brought by this technology is worth and compensates for the apparent initial high costs. -Even after three years of intervention, there were no reports on incidences of loosening or fracture of screws, which were reported before, and on a monthly basis.
